Abstract -We sampled 27 month-old mussel populations grown on collector ropes in Cascapédia Bay, Quebec, to test whether density-dependent growth was present concomitantly to self-thinning, a process which was previously shown to occur in this system and thought to be driven by spatial constraints. Biomass-density curves of raw samples were curvilinear, suggesting density-dependent growth. However, at least two cohorts were present. Fractionating the samples on the basis of age yielded a linear relationship for the main, 2 year-old cohort. This implies density-independent growth and rules out food regulation in these populations. Therefore, our results are consistent with inferences drawn previously from the values of the self-thinning exponent, that is, space-regulated self-thinning. Our results suggest that curvilinearity of the raw biomass-density curves resulted from a bias caused by including the 1 year-old cohort and spat of the year in the analysis. This conclusion is supported by a model showing that samples with mixed cohorts can yield linear, concave or convex biomass-density curves without density-dependent growth. The shape of the curves depends on the scaling relationships between cohort abundances. It appears that the shape of biomass-density curves may be a useful complementary criterion -in addition to the value of self-thinning exponents -for the identification of food or space as factors regulating cultured populations.
Introduction
Self-thinning (ST) has been reported in sessile animals such as barnacles (Hughes and Griffiths 1988) , tunicates (Guiñez and Castilla 2001) and mussels (reviewed by Guiñez 2005) and probably occurs also in scallop spat collector bags . Although ST appears an undesirable 248 M. Fréchette et al.: Aquat. Living Resour. 23, 247-254 (2010) density-dependent and density-independent mortality on mussel sleeves (Fréchette et al. 1996) .
ST curves typically fit the power equation m = kN γ , where m is the mean mass of the survivors, N the population density and γ is the self-thinning exponent. ST may also be expressed as B = kN β , where B is population biomass and β = γ+1 (Westoby 1984) . The value of k may vary in different locations, for example depending (in plants) on the level of light or available nutrients (White 1981; Westoby 1984; Weller 1987b; Bi 2004) . It was originally thought that the value of γ is constant, irrespective of species and environments (Yoda et al. 1963) . ST exponents, however, may vary with allometry (e.g., Weller 1987a,b ; see also Lonsdale 1990) or packing configuration (Norberg 1988) and is dependent on initial conditions (Reynolds and Ford 2005) .
It has been proposed that the exponent of ST curves may also vary according to the nature of factors regulating populations. In cases where population regulation is driven by bioenergetic constrains (e.g. food-regulated self-thinning, FST), the predicted value of the exponent is β = −0.33 (Norberg 1988; Fréchette and Lefaivre 1990; Enquist et al. 1998) , while in space-regulated situations (SST), ignoring allometry, the predicted value is β = −0.5 (Yoda et al. 1963; Weller 1987a,b; Norberg 1988 ). The implications for modelling population production are significant. With SST only and no densitydependent effect on growth, one may model growth as g(m, t), for instance. In contrast, with food regulation acting, one gets a more complex model with h (m, N, t) . However, attempts to discriminate between FST and SST based on the value of the ST exponent have been inconclusive. FST and SST exponents of mussel populations grown on intertidal stakes were not significantly different (Fréchette and Lefaivre 1990) . In a study of juvenile steelhead trout, the ST exponent was consistent with FST but not significantly different from the expected value under the hypothesis of SST (Keeley 2003) . A further source of uncertainty is the ability of gregarious sessile animals such as mussels to form multi-layered beds. This clearly biases bidimensional SST models (Guiñez and Castilla 1999) . Consequently, Guiñez and Castilla (1999) 
where L is the number of mussel layers.
Two methods have been developed to take multi-layering into account in ST models, the effective-density method (Guiñez and Castilla 2001) and the multi-layer method (Guiñez and Castilla 1999) . The effective-density method is based on a projection of the population as a single-layered matrix of individuals. Based on an extensive data set, Filgueira et al. (2008) estimated the ST exponent of suspension-grown mussels in the Ría de Ares-Betanzos, using the effectivedensity approach. They found β = −0.32, which they ascribed to food regulation. This result raises some concern, however, because the method assumes that ST is driven by spatial constraints. It appears that the effective-density method is not well suited for suspension-grown mussels. The multilayer approach was used by Lachance-Bernard et al. (2010) in a study of blue mussels (Mytilus spp.) growing in suspension on spat collectors. The number of layers was estimated as L = /R, where is mean shell length and R is the average radius of the sample on the ropes. They found β = [−0.557, −0.423], suggesting that ST was driven by competition for space. Lauzon-Guay et al. (2006) , using a population model of growth and survival of mussels cultured on long lines in two estuaries of Prince Edward Island, Canada, also concluded that mussel population density was regulated by spatial constraints. Although these studies were based on different numerical methods, all involved similar mussel species grown in suspension (Mytilus edulis, M. galloprovincialis and M. trossulus). Therefore one might have expected that the factor identified as regulating the populations would have been the same in all cases.
The present study was made to examine whether the multilayer method leads to inferences consistent with its assumptions in suspension-grown mussels. It is based on the assumption that in the absence of metabolic constraints, individual size is density-independent and B-N curves are linear. On the other hand, if food regulation is operating, individual growth is affected (this may also occur in space-regulated situations) and B-N curves are curvilinear because growth slows down with increasing population density, as in Alunno-Bruscia et al. (2000, see their Fig. 3) . A further assumption of this analysis is that only one cohort is present. Therefore we made this study to test whether in a situation where the ST exponent suggested regulation by spatial constraints (Lachance-Bernard et al. 2010), B-N curves would concomitantly indicate the absence of metabolic constraints on individual growth. We also examined the consequences of the violation of the single cohort assumption.
Materials and methods

Sampling procedure
We studied mussels cultured in Baie de Cascapédia, an open body of water within Baie des Chaleurs, Quebec. Wild mussel populations in the vicinity are made of roughly 75% Mytilus edulis and 25% Mytilus trossulus (Moreau et al. 2005) . We assume that mussels cultured in Baie de Cascapédia follow the same frequencies. These mussels were cultured on longlines moored at farm 2 in Lachance-Bernard et al. (2008) . Sampling was made on 9 and 11 September 2008. We sampled collectors from a single longline deployed 27 months earlier. Therefore, mussels were nominally 2 + year old. At this age, ST is under way on collectors at this site (Lachance-Bernard 2008). On both occasions we sampled 6 collectors at the rate of 2-4 samples per collector. Each collector was pulled out of the water complete. Sleeves were placed underwater around the samples to prevent mussel fall-off. Nominal length of samples was 30.5 cm. The actual length of samples varied somewhat and data were corrected to a standard 30.5 cm length. All samples from one collector were discarded because the sleeves had moved along the collector and piled up at its bottom end, thus preventing reliable measurement of actual sample length.
For each sample, we first declumped the mussels, cleaned them with seawater and removed byssal filaments. Samples were passed through a 0.2 cm sieve, which retains mussels 0.5 cm shell length ( ). No age determination was made on 9 September mussels. However, age was determined from annual shell rings on mussels sampled on 11 September as preliminary analysis suggested that the presence of more than a single year class might have biased the B-N curve on 9 September Two age classes were defined (2 year old and 1 year old and less, hereafter cohort 2 and cohort 1, respectively). All mussels were counted and weighted in bulk for each age group separately.
Criterion for density-dependent growth
With density-independent growth, mean size at time t is constant with respect to population density (N). Therefore, ∂m/∂N = 0 and m = m 0 , where m 0 is density-independent mean mass of the mussels. Multiplying both sides of the equation by N to get biomass yields
To provide an efficient model of density-dependent growth, we assume that mussel mass at time t decreases proportionally to mussel density. This is reflected by parameter k (k > 0) in the equation of mussel mass, ∂m/∂N = −k. Integration leads to m = −kN + C. With N = 0, C = m 0 , the density-independent mussel mass. Multiplying both sides of the equation by N to get biomass yields
Equation (2) is appropriate for populations made of a single cohort. The ropes we sampled, however, were 27 month old. Therefore, individuals in our samples may be from more than one cohort. Experiments (Brichette et al. 2001 ) and computer simulations (Fréchette et al. 2005) suggest that intraspecific competition for food in mussels has symmetric and asymmetric components with respect to individual size. The symmetric component of competition implies that growth of cohort 2 is negatively impacted by cohort 1 when competition is present. Consequently, a model of the effect of food-regulated competition on cohort 2 mussels must include the potential effect both cohorts, such that we have
where the subscripts 1 and 2 stand for cohorts 1 and 2, respectively, B 1 is biomass of cohort 1 and constants k 1 and k 2 are positive. Integrating and multiplying both sides by population density of cohort 2 yields
where B 2 is biomass of cohort 2 and m 0 is density-independent individual mass of mussels as before.
In addition to the case depicted by Eq. (4), a third situation may prevail, where cohort 1 alone impacts growth of cohort 2 mussels. This could occur in cases where animals of cohort 2 were prevented from accessing sufficient food resources independently of their own abundance. Mussel beds have complex surface rugosity patterns (Commito and Rusignuolo 2000) . The presence of such rugosity itself increases mussel recruitment on artificial substrates (Petraitis 1990) . Recruitment in sown mussel beds is enhanced by the presence of older conspecifics (McGrorty et al. 1990; McGrorty and Goss-Custard 1993) . Therefore, one may speculate that numerous cohort 1 mussels packed between cohort 2 mussels may physically prevent them from opening properly, with ensuing negative effects on their clearance rate and food consumption (Jørgensen et al. 1988; Dolmer 2000; Newell et al. 2001; Riisgård et al. 2006 , but see Fréchette and Despland 1999) . In this case the effect of cohort 1 mussels on individual mass of cohort 2 mussels may be modelled as
Integrating and multiplying both sides of Eq. (5) by population density of cohort 2 leads to
Equations (1), (4) and (6) provide models of B-N curves which we fitted to the data in order to infer the nature of processes controlling individual growth on the ropes. The data were analysed using SAS (PROC NLIN) and model selection was based on Akaike's Information Criterion (AIC; the AIC differences Δ i , and Akaike weights w i ; see Mazerolle 2006) .
Curvilinearity of B-N curves without density-dependent growth
The situations depicted by Eqs. (2)- (6) assume that curvilinearity in B-N curves is caused by density-dependent interactions. With more than one cohort present, however, it is likely that this assumption be violated. Curvilinearity in B-N curves may arise simply because smaller individuals from young cohorts would contribute less to biomass, but equally to population density, than those from older ones. This effect would occur even in density-independent situations and therefore is a source of bias in the models depicted above.
To study the potential effect of pooling individuals from different cohorts, we developed a model of B-N curves with 2 cohorts and examined the effect of various mixing scenarios on the second derivative of B-N curves. In the model, mean individual mass of each cohort is constant and individuals of cohort 2 are larger than those of cohort 1. Therefore we write m 2 = k 3 m 1 , with k 3 >1. The relationship between population density of cohort 1 (N 1 ) and cohort 2 (N 2 ) is N 1 = k 4 N x 2 , with k 4 > 0. Depending on the value of x, the relationship is either linear (x = 1), concave (downward concavity; 0 < x < 1 as in Fig. 2, broken 
Next, we write
which is
250 M. Fréchette et al.: Aquat. Living Resour. 23, 247-254 (2010) The second derivative of B with respect to N is then
The numerator of Eq. (10), however, is
and its denominator is
Dividing (11) by (12), we get
Since m 2 > m 1 , we get
Therefore, in density-independent situations, the shape of B-N curves may vary if more than one cohort is present and cohorts are pooled during sample analysis. The resulting B-N curve may be either linear (if x = 0 or if x = 1), convex (if 0 < x < 1) or concave (if x > 1), depending on the scaling relationships between population densities of the cohorts.
Results
We sampled 24 and 17 rope segments on 9 Sept. and 11 Sept., respectively. The ropes supported very little macrobenthic organisms other than mussels. We found only two medium-sized sea stars, and sparse populations of bryozoans apparently associated to lower mussel biomass, on the twelve collectors sampled. Predation appeared negligible and for all practical purposes we sampled monospecific mussel assemblages. This is consistent with spatial dominance of natural mussel beds being maintained by individual growth while the population as a whole undergoes self-thinning (Petraitis 1995) . Population density ranged roughly between 100 ind./30.5 cm and 1400 ind./30.5 cm of rope (Fig. 1) . The similarity of the raw B-N curves (Fig. 1) was obvious, and supported by statistical analysis of log-log relationships (Model II regression slopes; t = 1.95: df = 14; 0.05 < p < 0.10; Clarke 1980). This suggests that similar processes were operating on samples of both dates. The two B-N curves (all cohorts included) apparently followed a concave pattern. Linear (Eq. (1)) and curvilinear (Eq. (2)) models provided very good fit to the data (Table 1) . On both dates, however, the AIC values were lower for the curvilinear model than for the linear model. AIC weights supported a curvilinear model on both dates. Age determination of the mussels of the 11 Sept. samples, however, showed that at least two age classes were . Data point shown by a triangle was not included in the calculations. than 0.5 cm shell length). The presence of cohorts younger than cohort 2 raises the possibility that the B-N curves (in Fig. 1 ) be biased (see Sect. 2.3). To assess this possibility, we examined the abundances of cohort 1 and cohort 2 for the Sept. 11 samples (Fig. 2, Table 2 ). The general pattern between the cohorts was significant (Kendall's τ b = 0.6444, n = 16, p = 0.0005) and cohort 1 was about three times as abundant as cohort 2. This indicates that cohort mixing occurred in Sept. 11 samples. We fitted two models to these abundance data, a linear model N 1 = a + bN 2 and the power function N 1 = aN x 2 , where a, b and x are parameters. The AIC value was lower with the power function (Δ = 0.62 for the linear model; Table 2 ; N 1 = 19.92N 0.65 2 ), suggesting that it might be more appropriate. With w = 0.5769, however, the situation is not clear cut and both models appear equivalent (AIC differences smaller than 2 units are thought to be negligible; Burnham and Anderson 2002) . Assuming a power function between cohort abundances, the expected change in B-N curves attributable to cohort mixing would be toward increased convexity (Eq. (14)).
The effect of cohort mixing was assessed by examining the B-N curves of each cohort separately (Fig. 3) . The data point shown by a triangle was from cohort 2 and clearly is an outlier. Table 1 . Relationship between mussel biomass and population density with all cohorts pooled. Based on the assumptions of density-independent and density-dependent growth, respectively, the data were fitted linear (Eq. (1)) and curvilinear (Eq. (2) Table 2 . Relationship between the abundances of cohort 1 and cohort 2 for 11 Sept. samples. The data were fitted two models, a linear model and a power function. AIC, Δ i and w i as in Table 1 . Table 3 , although the difference between the AIC values for Eq. (1) and Eq. (4) was small (Δ = 0.82). The Akaike weights were quite similar for Eq. (1) (w = 0.4913) and Eq. (4) (w = 0.3261) but lower for Eq. (6) (w = 0.1826). It is noteworthy that the value of parameter k 2 was negative, indicating that if anything, the relationship was convex, not concave, which is not consistent with density-dependent growth. The B-N curve of cohort 1 was described better by a curvilinear model (Eq. 
Discussion
The B-N curves ( Fig. 1 and 3 ) followed well-defined patterns which allow making inferences about the process(es) governing individual growth, provided that the single-cohort assumption is not violated. The raw B-N curves (Fig. 1) were curvilinear, which suggests that individual growth was densitydependent, as inferred from Eq. (2). It must be considered, however, that the raw samples were made of at least two cohorts (Fig. 2) . In such instances, the assumption underlying Eq. (2) does not hold. As a matter of fact, considering each cohort separately led to radically different conclusions. There was no evidence for rejecting a linear model for the B-N curve of cohort 2 (Fig. 3, Table 3 ). Therefore, we adopt a parsimonious view and conclude that there was no evidence for density-dependent growth in cohort 2. This rules out food regulation (or other metabolic constraints such as chemical competition) in mussel populations grown on ropes in Cascapédia Bay. ST is under way on these ropes at 27 months (Lachance-Bernard et al. 2010 ). The present study implies that the process is driven by spatial constraints. Therefore, our results directly support the inference based on the exponent of 3-D ST curves (Lachance-Bernard et al. 2010) .
Mussel populations form multi-layered matrices, which has consequences for the estimation of SST exponents (Guiñez and Castilla 1999) . The appropriate representation of ST requires that multilayering be taken into account. Two methods are presently available to this end. The multilayer method was developed for the analysis of intertidal mussels (Guiñez and Castilla 1999) . The effective-density method was developed for the analysis of an intertidal tunicate (Guiñez and Castilla 2001) . The multilayer method was applied to suspensiongrown mussels (Lachance-Bernard et al. 2010) and provided estimates of the 3-D ST exponent which are consistent with the present study i.e., that ST in suspension-grown mussels is driven by spatial constraints (see also Lauzon-Guay et al. 2006 ). This conclusion clearly diverges from that of Filgueira et al. (2008) , who reported FST in suspension-grown mussels using the effective-density method. Therefore, the effectivedensity method led to inferences that are not consistent with its assumptions. We conclude that the effective-density method is not appropriate for the study of ST in suspension-grown mussels, while the multilayer method is.
No evidence of density-dependent growth was found in this study (see also Fuentes et al. 2000) , although it has been found in suspension-cultured mussels in a number of instances. Table 3 . Relationship between mussel biomass and population density for cohort 2 mussels, 11 Sept. samples. The data were fitted linear and curvilinear models under the hypotheses of density-independent growth (Eq. (1)), density-dependent growth (Eq. (4)) and asymmetric density-dependent growth (Eq. (6). AIC, Δ i and w i as in Table 1 The evidence has been either direct, based on the analysis of the effect of population density manipulation on meat weight (Mallet and Carver 1991, but see Lauzon-Guay et al. 2005 for a transient effect of seeding density) or indirect, as assessed experimentally from the effect of spacing out sleeves on long lines (Drapeau et al. 2006) or from rafts (Navarro et al. 1991; Mueller 1996; Heasman et al. 1998) . Modeling phytoplankton uptake by mussels cultured in low current speed situations (5 cm s −1 ) predicted density-dependent food uptake (Smith et al. 2006) . Sleeves on rafts are arranged densely and cause water flow retardation and seston depletion (Boyd and Heasman 1998; Heasman et al. 1998) . In other instances, presumably with higher water flow than in the aforementioned studies, little evidence has been found that individual growth was affected by intraspecific (Fréchette et al. 1996; Sénéchal et al. 2008) or interspecific competition (Lesser et al. 1992 ) in mussel suspension culture. Current speed near our study site was measured for one month in 2005 (Weise et al. 2009 ). Nominal height of the collectors is about 1 to 5 m above the bottom (Lachance-Bernard 2008). At 4 m above the bottom, mean current speed was 10.3 ± 6.6 cm s −1 (SD; A. Weise, IML, pers. comm.). Presumably at this level current speed is too high for phytoplankton to be depleted and cause growth to be densitydependent at the scale of individual ropes.
The raw B-N curves (Fig. 1) were based on samples in which cohorts 1 and 2 co-occurred. Sorting the mussels on the basis of age removed the bias for cohort 2 but not for cohort 1 (Fig. 3) . This may be caused by the presence of spat among cohort 1 mussels. Mussel beds have complex surface rugosity patterns (Commito and Rusignuolo 2000) . The presence of such rugosity itself increases mussel recruitment on artificial substrates (Petraitis 1990) . Therefore, rugosity provided by mussels at the surface of the collector ropes presumably contributed to increasing spat recruitment. Spat abundance has been found to increase with adult density because spat settle in the byssus threads of adults and because post-settlement survivorship increases with adult density (McGrorty et al. 1990; McGrorty and Goss-Custard 1993 ). Adult mussels and shell debris in mussel beds increase structural complexity of the bottom and this also has been related to increased postsettlement survivorship in mussel beds (Frandsen and Dolmer 2002; Dolmer and Stenalt 2010) . Therefore, we may speculate that the situation with cohort 1 was analogous to that of raw samples and that cohort 1 was made of 1 year old animals (hereafter cohort 1 + ) and spat of the year (hereafter cohort 0 + ), both growing without density-dependence. Based on our model of the effect of cohort mixing, and given the concave relationship between cohort 2 and (the mixed) cohort 1 abundances, the raw B-N curves should have been convex (see Eq. (14)). Unexpectedly, however, they were not. Furthermore, we infer that with two cohorts present (cohort 0 + and cohort 1 + ), the concave pattern of the cohort 1 B-N curve implies that the abundance of cohort 0 + increased faster than that of cohort 1 + (i.e., x > 1 in Eq. (14)) and perhaps also faster than that of cohort 2. Because of the larger size difference between cohort 0 + and 2 year old mussels than between cohort 1 + and cohort 2 (Eq. (14)), it appears that the effect of cohort 0 + prevailed over the effect of cohort 1 + on the raw B-N curves. This conclusion remains unchanged if a linear relationship is assumed instead of a power function in Figure 2 .
A basic assumption of the analysis of biomass-density relationships is that individuals are even-aged (Westoby 1984; Weller 1987a ). This assumption is somewhat relaxed by Eqs. (3-6) and by our model of the effect of cohort mixing. We were able to use B-N curves in presence of more than one cohort to test hypotheses about processes controlling growth dynamics. This requires, however, that the age of individuals be known. Furthermore, in the particular cases where cohort abundances are not related or scale linearly with one another, our model predicts the absence of bias in the shape of B-N curves.
Therefore, we conclude that there was no evidence for density-dependent growth in 27-month old collector ropes in Baie de Cascapédia. Density-dependent effects are found in survivorship only. Our results support the conclusion based on the exponent of the tridimensional ST curve that these mussel populations are regulated by competition for space (Lachance-Bernard et al. 2010) . The combination of densityindependent growth (present study) with density-dependent mortality (Lachance-Bernard et al. 2010) indicates that mussel populations on these ropes traveled along the self-thinning line at the junction between the maximum mean mass boundary and the maximum crowding index boundary depicted by Guiñez et al. (see their Fig. 3; 2005) . Although mussel age was not determined in the 9 Sept. samples, the similarity between the raw B-N curves found for both sampling days suggests that processes acting on the ropes sampled on both occasions were similar.
